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Unbiased shifts of Brownian motion

GUNTER LAST? PETER MORTERS! HERMANN THORISSON?

Abstract

Let B = (B¢)ter be a two-sided standard Brownian motion. An unbiased shift of B
is a random time 7', which is a measurable function of B, such that (Br4: — Br)ier
is a Brownian motion independent of By. We characterise unbiased shifts in terms
of allocation rules balancing mixtures of local times of B. For any probability
distribution v on R we construct a stopping time 7" > 0 with the above properties
such that Br has distribution v. We also study moment and minimality properties
of unbiased shifts. A crucial ingredient of our approach is a new theorem on the
existence of allocation rules balancing stationary diffuse random measures on R.
Another new result is an analogue for diffuse random measures on R of the cycle-
stationarity characterisation of Palm versions of stationary simple point processes.

2000 Mathematics Subject Classification. 60J65; 60G57; 60GH5.
Key words and phrases. Brownian motion, local time, unbiased shift, allocation rule,
Palm measure, random measure, Skorokhod embedding.

1 Introduction and main results

Let B = (By)ier be a two-sided standard Brownian motion in R having By = 0. If
T > 0 is a stopping time with respect to the filtration (o{Bs: s < t}):>0, then the shifted
process (Bri; — Br)i>o is a one-sided Brownian motion independent of Br. However,
the two-sided shifted process (Br.s — Br)ier need not be a two-sided Brownian motion.
Moreover, the example of a fixed time shows that even if it is, it need not be independent
of Br. We call a random time 7" an unbiased shift (of a two-sided Brownian motion) if
T is a measurable function of B and (Byy; — Br)ier is a two-sided Brownian motion,
independent of Br. We say that a random time 7" embeds a given probability measure v
on R, often called the target distribution, if By has distribution v.

In this paper we discuss several examples of nonnegative unbiased shifts that are
stopping times. However, we wish to stress that nonnegative unbiased shifts are not
assumed to have the stopping time property, see for instance Example 5.11. The paper
has three main aims. The first aim is to characterise all unbiased shifts that embed a given
distribution v. The second aim is to construct such unbiased shifts. In particular, we solve
the Skorokhod embedding problem for unbiased shifts: given any target distribution we
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find an unbiased shift which embeds this target distribution (and is also a stopping time).
The third and final aim is to discuss properties of unbiased shifts. In particular, we discuss
optimality of our solution of the Skorokhod embedding problem for unbiased shifts.

The case when the embedded distribution is concentrated at zero is of special interest.
Let £° be the local time at zero. Its right-continuous (generalised) inverse is defined by

(1.1)

T sup{t > 0: (°[0,¢] = r}, r >0,
"o sup{t <0: 1,00 =—r}, r<O.

Note that Pp{Ty = 0} = 1 and Pop{7, = 0} = 0 if r # 0. We prove the following theorem.
Theorem 1.1. Let r € R. Then T, is an unbiased shift embedding .

This result formalises the intuitive idea that two-sided Brownian motion looks globally the
same from all its (appropriately chosen) zeros, thus resolving an issue raised by Mandelbrot
in [19, p. 207, p. 385] and reinforced in [14, 30]. Another way of thinking about this result
is that if we travel in time according to the clock of local time we always see a two-sided
Brownian motion.

The property described in Theorem 1.1 is analogous to a well-known feature of the
two-sided stationary Poisson process with an extra point at the origin: the lengths of the
intervals between points are i.i.d. (exponential) and therefore shifting the origin to the
nth point on the right (or on the left) gives us back a two-sided Poisson process with
an extra point at the origin. In the Poisson case the process with an extra point at the
origin is the Palm version of the stationary process and it is a well-known characterising
property of Palm versions of stationary point processes on the line that their distributions
do not change when the origin is shifted along the points.

In fact, much of the work behind the present paper was inspired and motivated by
the recent literature on matching and allocation problems. There is a strong analogy
between the problem of finding an extra head in a two-sided sequence of independent
fair coin tosses, as discussed in [18], and the problem of finding an unbiased shift for
Brownian motion embedding a given probability distribution. Unlocking this analogy
was key to the solution of the latter problem. But the analogy extends further to the
more recent developments for spatial point processes and random measures [12; 11, 17].
In the terminology of [17], Theorem 1.1 means that Brownian motion is mass-stationary
with respect to local time, see Section 3 below. Holroyd and Peres [12] consider the
balancing of Lebesgue measure and a stationary ergodic spatial point process, obtaining
the Palm version of the point process by shifting the origin to the associated point of the
process. Last and Thorisson [17] extend these ideas to the balancing of general random
measures in an abstract group setting. This general theory, and Poisson-matching ideas
from [11], are essential for the present paper where we consider the balancing of local
times at different levels.

Theorem 1.1 is relatively elementary. To state the further main results of this paper
we now briefly introduce some notation and terminology, full details for our framework
will be given in Section 2. To begin with, it is convenient to define B as the identity on
the canonical probability space (2,4, Py), where Q is the set of all continuous functions
w: R — R, A is the Kolmogorov product o-algebra, and Py is the distribution of B.



Define P, := Po{B + = € -}, € R, and the o-finite and stationary measure

P = /]P’x da. (1.2)

Expectations (resp. integrals) with respect to P, and IP are denoted by E, and Ep, respec-
tively. For any ¢t € R the shift 6,:  — € is defined by

(Ow)s = wiys. (1.3)

An allocation rule [12, 17] is a measurable mapping 7: 2 X R — R that is equivariant in
the sense that

T(Qw,s —t) =1(w,s) —t, s,t€R, P-ae we. (1.4)

A random measure £ on R is a kernel from © to R such that &(w,C) < oo for P-a.e. w
and all compact C' C R. If £ and n are random measures, and 7 is an allocation rule such
that the image measure of ¢ under 7 is 7, that is,

/ 1{r(s) € }E(ds) =y P-acc, (1.5)

then we say that 7 balances & and n. If 7 balances £ and 7 and o is an allocation rule
that balances n and another random measure (, then the allocation rule o o 7 balances 7
and (. Let ¢* be the random measure associated with the local time of B at x € R. For
a locally finite measure v on R we define

(w, ) = /W(w, Jv(dr), we Q. (1.6)

Since ¢* is supported by {t € R: B, = z} and B is bounded on bounded intervals, we
obtain that ¢ is IP-a.e. finite on bounded sets and hence a random measure. The random
measure ¢” has the invariance property

0V (Ow,C —t) =" (w,C), CeBteR Pas.
For any random time 7" we define an allocation rule 7 by
mr(t):=Tob, +t, teR. (1.7)

Since T = 77(0), there is a one-to-one correspondence between 7" and 7r. Let us emphasise
again that Section 2 will provide further details regarding the notation introduced in this
paragraph.

Our key characterisation theorem is based on a result in [17], which will be recalled
as Theorem 2.1 below.

Theorem 1.2. Let T' be a random time and v be a probability measure on R. Then T is
an unbiased shift embedding v if and only if 71 balances (° and ¢¥.



For any probability measure v on R we denote by P, := [ P, v(dz) the distribution of
a two-sided Brownian motion with a random starting value By with law v. We show in
Section 3 that all these distributions coincide on the invariant o-algebra. A general result
in [29] (see also [15, Theorem 10.28]) then implies that there is a random time 7', possibly
defined on an extension of (92, .4,Py), such that 0B has distribution P, under Py. The
next two theorems yield a much stronger result. They show that 7" can be chosen as a
factor of B, that is, as a measurable function of B, see [12] for a similar result for Poisson
processes. Moreover, this factor is explicitly known. The proof is based on Theorem 1.2
and on a general result on the existence of allocation rules balancing stationary orthogonal
diffuse random measures on R with equal conditional intensities, see Theorem 5.1 below.

Theorem 1.3. Let v be a probability measure on R with v{0} = 0. Then the stopping
time

T :=inf {t > 0: £°[0,¢] = ¢”[0,¢]} (1.8)
embeds v and is an unbiased shift.

The stopping time 7" was introduced in [4] as a solution of the Skorokhod embedding
problem. This problem requires finding a stopping time 7' > 0 embedding a given dis-
tribution v, see [24] for a survey. The idea of using mixtures of local times to solve this
problem was introduced in [23]. Tt has apparently not been noticed before that 7" is an
unbiased shift. The methods of the present paper are very different from the methods
of [23, 4].

It is important to note that in the two-sided framework being a stopping time is neither
necessary nor sufficient for the shifted process to be a Brownian motion. For instance,
this is not the case for another stopping time introduced in [4], which is defined similarly
to (1.8) but with v replaced by a finite measure of mass exceeding one, see Remark 5.10.
Conversely, unbiased shifts need not be stopping times, even when they are nonnegative,
see Example 5.11.

If v is of the form v{0}dy+(1—v{0})u where {0} = 0 and v{0} > 0, then Theorem 1.3
does not apply. In fact, if ¥{0} < 1 then 7" is an unbiased shift embedding p. Still we
can use Theorem 1.3 to construct unbiased shifts without any assumptions on v:

Theorem 1.4. Let v be a probability measure on R. Then there exists a nonnegative
stopping time that is an unbiased shift embedding v.

In Theorem 1.1 we have Po{Bp, = 0,75 = 0} = 1 and Po{Br, = 0,7, # 0} = 1 if
r # 0. It is interesting to note that unbiased shifts T' (even if they are not stopping times)
are almost surely nonzero as long as the condition Po{ By = 0} < 1 is fulfilled:

Theorem 1.5. Let v be a probability measure on R such that v{0} < 1. Then any
unbiased shift T' embedding v satisfies

Po{T = 0} = 0. (1.9)

In contrast to the previous theorem, if T' is an unbiased shift with Po{Br = 0} = 1,
then the probability Po{7T = 0} may take any value:



Theorem 1.6. For any p € [0, 1] there is an unbiased shift T > 0 embedding oy and such
that Po{T = 0} = p.

A solution T of the Skorokhod embedding problem is usually required to have good
moment properties, but some restrictions apply. For instance, if the target distribution
v is not centered, by [21, Theorem 2.50], we must have EoVT = oco. If the embedding
stopping time is also an unbiased shift the situation is worse, even when v is centred.

Theorem 1.7. Suppose v is a target distribution with v{0} = 0, and the stopping time
T >0 is an unbiased shift embedding v. Then

EoT"* = o0.
If v additionally satisfies [ |z|v(dx) < oo, the unbiased shift T =T" satisfies
EoT° < oo for all B < 1/4.

Dropping the stopping time assumption we show in Theorem 8.4 that Eg+/|T| = oo
for any unbiased shift 7" embedding a target distribution v with »{0} < 1. If the target
distribution is concentrated at zero and 7' is nonnegative but not identically zero, we show
in Theorem 8.5 that EyT" = oco. Nonnegativity is important in this result, Example 8.6
provides an unbiased shift with Po{7" # 0} = 1 that has exponential moments.

Theorem 7.6 further shows that, in addition to the nearly optimal moment properties
stated above, the stopping times 7" defined in (1.8) are also minimal in a sense analogous
to the definition in [22] (see also [6], or [24] for a survey). This means that if S > 0 is
another unbiased shift embedding v such that Po{S < T} = 1, then Py{S = T} = 1.
Our discussion of minimality is based on a notion of stability of allocation rules, which is
similar to the one studied in [11].

The results for Brownian motion stated above will be developed in a general frame-
work, which goes much beyond the Brownian setting, see Sections 3 and 5. They are
heavily reliant on the general Palm theory from [17]. The most important results, which
are also of independent interest, are Theorem 3.1, characterising mass-stationarity, and
Theorem 5.1, formulating general conditions on the existence of balancing allocation rules.

The structure of the paper is as follows. Section 2 presents essential background on
Palm measures and local time. Section 3 establishes a general result on mass-stationarity
for diffuse random measures on the line, Theorem 3.1, implying a result (Theorem 3.4)
containing Theorem 1.1 as a special case. Section 4 proves a result (Theorem 4.1) contain-
ing Theorem 1.2 as a special case. Section 5 presents the key general result on balancing
diffuse random measures, Theorem 5.1, implying a result (Theorem 5.7) containing Theo-
rem 1.3 as a special case. Section 6 proves Theorems 1.4, 1.5 and 1.6. In Sections 7 and 8
we establish minimality and moment properties of unbiased shifts, including Theorem 1.7.
Section 9 finally discusses extensions of the central results above from Brownian motion
to a more general class of Lévy processes.

2 Preliminaries on Palm measures and local times

In order to present and develop some Palm theory on which the results of this paper
rely, we need a framework more general than the Brownian setting in the introduction.



Consider a o-finite measure space (2, A, P) equipped with a flow {6; : t € R} of measurable
bijections 60;: @ — Q such that (w,t) — 6;(w) is measurable, 6, is the identity on 2, and
051 = 0,080, for all s,t € R. We assume that P is stationary, that is

P=Pof,, secR (2.1)

By the stationary Brownian case we mean the important example when € is the class of
all continuous functions w: R — R with the flow given by (1.3), A is the Kolmogorov
product o-algebra, and the measure PP is given by (1.2). We use the term Brownian case
when the stationary P is (possibly) replaced by other Brownian measures like Py and P,.
In the Brownian case we let B = (B;)cr denote the identity on €. Since P{B, € C'} < oo
for any compact C' C R, the measure P is indeed o-finite, and the proof of (2.1) is based
on the stationary increments of B, see [31]. Corollary 3.3 below provides an alternative
definition of P. More general Lévy processes will be discussed in Section 9.

Random measures and (balancing) allocation rules are defined as in Section 1. A
random measure £ is called invariant if

E(Ow,C —t) =¢(w,C), Ce€B,teR, P-as, (2.2)

where B is the Borel o-algebra on R. In this case the Palm measure Q¢ of £ (with respect
to P) is defined by

Qe(A) = Ep / Lo (5)1a(6,) E(ds), A A (23)

This is a o-finite measure on (€2, A). If the intensity Q¢(2) of £ is positive and finite,
Q¢ can be normalised to yield the Palm probability measure of £. This measure can be
interpreted as the conditional distribution (with respect to P) given that the origin 0 € R
is a typical point in the mass of &, see [15, Chapter 11] for some fundamental properties
of Palm probability measures. The invariance property (2.2) implies the refined Campbell
theorem

Be [ £(6.5)¢(ds) = B, [ f(60.)ds, (2.4)

for any measurable f: Q x R — [0,00) where, as in (2.3), Eg denotes integration with
respect to the measure Q. The relevance of Palm measures for this paper stems from the
following result in [17].

Theorem 2.1. Consider two invariant random measures & and 1 on R and an allocation
rule 7. Then T balances & and n if and only if

Q&{HTB € } = Qm
where 0;: Q — Q is defined by 0-(w) 1= O 0w, w € L.

In the remainder of this section we consider the Brownian case. Recall that ¢* is the
random measure associated with the local time of B at x € R (under Py). This means
that

/ F(B.,s)ds = / / fz,5) (*(ds)dz Py-as. (2.5)



for all measurable f: R? — [0,00). The global construction in [25] (see also [15, Propo-
sition 22.12] and [21, Theorem 6.43]) guarantees the existence of a version of local times
with the following properties. The random measure ° is P,-a.e. diffuse for any € R and

PO, C —t) =w,0), CecB tcR, Pias., xR, (2.6)
€y<w7') :Eo(w_yu')7 C«)GQ, yeRu

/1{Bt #xpl(w,dt) =0, weQ, zeR. (2.8)
Equation (2.7) implies that ¢¥ is P,-a.e. diffuse for any z € R and is invariant in the sense

of (2.6). From Fubini’s theorem we infer that these properties do also hold for the random
measure ¢ defined by (1.6).

Remark 2.2. Invariant random measures of the form (1.6) are closely related to contin-
uous additive functionals of Brownian motion, see e.g. [15, Chapter 22|. Indeed, if £ is an
invariant random measure then the process A; := £[0,t], t > 0, is additive in the sense
that Asyr = As + Ar o0, for all s,t > 0 (P-a.s.). Conversely, if (A;):>o is additive and
continuous (P,-a.s. for all x € R), and if A; depends only on the restriction of B to the
interval [0,¢], then [15, Chapter 22| implies that there is a locally finite measure v, the
Revuz measure of (A;), such that (A;)i>0 = (€7]0,1])i>0 Py-a.s. for all z € R.

The following result is essentially from [9], see also [31]. Combined with Theorem 2.1
it will yield a short proof of Theorem 1.2, see Section 4.

Lemma 2.3. Let y € R. Then P, is the Palm measure of Y.
Proof. Let f: Q x R — [0,00) be measurable. By definition (1.2) of P we have

EP/f(esB,s)éy(B,ds) :/EO/f(esBer,s)Ey(BJra:,ds) da.

By (2.7) this equals

/Eo/fc93+xs€y *(B,ds) d:l:—EO/ fl0sB —x+y,s)*(B,ds)dz,

where the equality comes from a change of variables and Fubini’s theorem. By (2.5) this
equals

]Eo/f(OSB—BS+y,S)ds.

Since Po{0,B — B; +y € -} = P,, we obtain

]Ep/f@Bs)Edes /fBS (2.9)
and hence the assertion. ]

Equation (2.9) is the refined Campbell theorem (2.4) in the case £ = ¢¥. In particular,
it implies that /¥ has intensity 1:

Ep?([0,1]) = 1. (2.10)



3 Mass-stationarity

In this section we show that the property in Theorem 1.1 characterises mass-stationarity
(defined below) not only of local times of Brownian motion but of general diffuse random
measures on the line. As in Section 2 we consider a measurable space (2,.4), equipped
with a flow {6;: ¢t € R}. We consider a o-finite measure Q on (2, .4) but do not assume
that Q is stationary. The key example in the Brownian case is Q = P,.

Let ¢ be a diffuse and invariant random measure on R ((2.2) is assumed to hold
Q-almost everywhere) and let A\ denote Lebesgue measure on R. Then ¢ is called mass-
stationary if, for all bounded Borel subsets C' of R with A(C') > 0 and A(OC') = 0 and all
measurable functions f: Q x R — [0, 00),

Eq // 1C(u)£1(cc,_—u_(z))f(03,s+u)£(ds) du:EQ/lc(u)f(Ho,u) du,  (3.1)

using the convention that any integration over a set of measure zero yields zero. Mass-
stationarity is a formalisation of the intuitive idea that the origin is a typical location in
the mass of a random measure. The property (3.1) can be interpreted probabilistically as
saying that, if the set C' is placed uniformly at random around the origin and the origin
shifted to a location chosen according to the mass distribution of £ in this randomly placed
set, then the distribution of £ does not change.

The property (3.2) in the following theorem is a new characterisation of mass-
stationarity. It is similar to the well-known characterisation by cycle-stationarity in the
simple point process case (see e.g. [15, Theorem 11.4]) and is certainly more transparent
than (3.1). It is however restricted to the diffuse case on the line while (3.1) works for
general random measures in a group setting. The formula (3.3) below is also new, but
the equivalence of mass-stationarity and Palm measure property was established in [17]
for Abelian groups and in [16] for general locally compact groups.

Theorem 3.1. Assume that Q{{(—00,0) < oo} = Q{£(0,00) < oo} = 0 and let S,,
r € R, be the generalised inverse of the diffuse random measure & defined as in (1.1).
Then

Q{bs, €} =Q, reR, (3.2)

if and only if & is mass-stationary and if and only if Q is the Palm measure of & with
respect to a o-finite stationary measure P. The measure P is uniquely determined by Q
as follows: for each w > 0 and each measurable function f: Q — [0, 00),

S’w
Epf = w_lE@/ fobsds. (3.3)
0

Proof. First assume (3.2). Then, Q{£[0,¢] = 0} = Q{¢[S1, 51 +¢] = 0} = 0, for any
e > 0, where the second identity comes from £[S7, 00) > 0 Q-a.e. and the definition of S;.
This easily implies that

S, =-5_,00g Q-ae,reckR. (3.4)



Let C' C R be a bounded Borel with A(C) > 0 and A(0C) = 0. Changing variables
and noting that, for any s in the support of £, we have £(C' —v +s) > 0 for Md-a.e. v € C,
we obtain that the left-hand side of (3.1) equals

10(’0)
Eg // 1c(v — s)—v+)f(08,v)§(ds) dv

_E@// lo(v—S 10( ) Sr)f(esr,v) dr dv,

—v+

where we have changed variables to get the equality. The key observation (3.4) and
assumption (3.2) yield that the above equals

E@// lc(v—i-S_T)g(lc?—(_l))z})f(Qo,v) dr dv

— 8o [ 100+ 91 S 60, 0)€(ds) dv = Bg [ 100)f(60,) o

Thus (3.1) holds, that is, £ is mass-stationary.

By [17, Theorem 6.3] equation (3.1) is equivalent to the existence of a stationary
o-finite measure P such that Q is the Palm measure of £ with respect to P. Mecke’s [20]
inversion formula (see also [17, Section 2]) implies that P is uniquely determined by Q
and that, moreover, P{¢(—00,0) < oo} = P{£(0,00) < oo} = 0.

Fix w > 0. For the claim that P defined by (3.3) is stationary when (3.2) holds, see
Lemma 3.2 below. To show that Q is then the Palm measure of £ with respect to this P let
f:Q —[0,00) be measurable and use (3.3) for the first step in the following calculation,

wEr [ L0(5)f 06.6(5) = Eo [ [ Loa(o)Los. (010,00 6:(ds) e
= Eq // Lo (v —t)1jo,5,] () f(0,) E(dv) dt
= Bo [ [ 1oa(S ~ 00105, dr
= Eo [[ N0+ ~ O suins_y (O dr i

=Eqf // Loy o(u)lis_, s, (u) drdu

= U}EQf,

where we have used (3.2) and (3.4) for the fourth identity and the final identity holds
since the double integral equals w.

Finally, if Q is the Palm measure of £ with respect to a o-finite stationary measure P,
then Theorem 2.1 implies (3.2) once we have shown for any r € R that the allocation rule
7" defined by 77(t) := S, 0 0, + t balances £ with itself, that is,

/ 1 (s) € Ye(ds) =€ Peace.



Assume 7 > 0. Then, outside the P-null set A := {£(—00,0) < 00)} U {£(0,00) < oo} we
obtain for any a < b (interpreting [s, a] as —¢[a, s] for s > a) that

/1{a < 71"(s) < b}&(ds) = /1{8 < b,&[s,al <1 s, b] >r}E(ds)
= [ 10 <br < bl < v+ glai el = €latl, (39)

which implies the desired balancing property. The case r < 0 can be treated similarly. [

Lemma 3.2. Let S > 0 be a random time and P be the measure defined by setting, for
each measurable function f: Q — [0, 00),

S
Epf:]E@/ fob,ds.
0

If Q{0s € -} = Q, then & is stationary under P.

Proof. For each f as above and t € R,

S+t
Epf(0:) = Eg t f(0,) ds

S+t

S

:EQ/t f6)ds +Be [ 1(6n)ds
S t

:E@/t f(@s)der]E@/O £(0,) ds

S
_ K, /0 £(6.) ds = Exf,

where the third identity follows from the assumption that 6g has the same distribution
as 0y under Q. O

In the remainder of this section we consider the Brownian case. As a corollary of
Theorem 3.1 we obtain an alternative construction of the stationary measure (1.2) by
integrating over time rather than space.

Corollary 3.3. Let r > 0 and T, be defined by (1.1). Then

T
P(A) := /]P’x(A) de = r_lEo/ 1{0,B € A}ds, Ac A
0

Generalizing our earlier definition, for any probability measure g on R, we call a
random time 7" an unbiased shift under P, if (Bryy — Br)ier under P, is a Brownian
motion independent of By. The following result contains Theorem 1.1 as a special case.

Theorem 3.4. Let v be a probability measure on R and let S,, r € R, be the gener-
alised inverse of (" defined as in (1.1). Then each S, is an unbiased shift under P, and

Pu{BSr S } = [t.

10



Proof. Lemma 2.3 and Fubini’s theorem imply that [P, is the Palm measure of /* with
respect to P. Hence the result follows from Theorem 3.1. O]

The invariant o-algebra is defined by
ZT:={AcA: ;A= Aforallt e R} (3.6)

We now apply Theorem 1.1 to prove the following result which we need in the proof of
Theorem 1.3 in Section 5.

Theorem 3.5. Let A € . Then either P,(A) = 0 for all z € R (in which case P(A) =0)
or P,(A°) =0 for all z € R (in which case P(A°) =0).

Proof. We first show that
Py(A) € {0,1}. (3.7)

We use here the random times 7,, (see (1.1)) for integers n. By Theorem 1.1, for any
integer n, the processes (Br,_¢)i>0 and (Br,1+)i>0 are independent one-sided Brownian
motions. This implies that the processes

W = (BT +4)A(Ts1~Tn) )10
are independent under Py. Since, by (2.6),
inf{t > 0: (°(07,B,[0,t]) = 1} = inf{t > 0: (°(B, [T,,, T, +t]) = 1} = Tps1 — Tp,

holds Py-a.s. for any n € Z, the W, have the distribution of a one-sided Brownian mo-
tion stopped at the time its local time at 0 reaches the value 1. Clearly we have that
B = F((Wy)nez) for a suitably defined measurable function F. By invariance of A and
definition of the family (W,,)nez,

{F(Wh)nez) € A} = {B € A} = {01, B € A} = {F(Wni1)nez) € A},

where the final equation holds Py-a.s. As iid sequences are ergodic under shifts, see e.g.
Theorem 8.45 in [7], the invariant sets above have measure zero or one, implying (3.7).
The refined Campbell theorem (2.9) implies (with A denoting Lebesgue measure)

P.(A) = M(C) 'Epl0"(C), =z €R, (3.8)
provided that 0 < A(C') < co. Assume now that Py(A) = 0. Then (3.8) implies that
P(AN{°(C) >0}) =0
for all compact C' C R. Letting C' 1 R, we obtain P(A N {¢° # 0}) = 0, that is,
P.(AN{°#0})=0 Iae. x.

On the other hand, by (2.7), P,{(° # 0} = Po{¢~* # 0} = 1 for M-a.e. x so that P,(4) =0
for A-a.e. x. Therefore P(A) = 0. By (3.8) this implies P,(A) = 0 for all z € R. O
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4 Unbiased shifts and balancing allocation rules

In this section we consider the Brownian case and prove the following result which contains
Theorem 1.2 as a special case. Let u be a probability measure on R and recall from
Section 3 that a random time 7" is an unbiased shift under P, if (Byy+ — Br)ier is under
P, a Brownian motion independent of Br.

Theorem 4.1. Let T be a random time and p,v be probability measures on R. Then the
following two assertions are equivalent.

(i) T is an unbiased shift under P, and P,{Br € -} = v.
(ii) The allocation rule 7r defined by (1.7) balances (" and (*.

Proof. First we recall from Section 2 that the random measures ¢# and ¢ are invariant
in the sense of (2.2).
Let us first assume that (i) holds. Then we have for any A € A that

]P)M{QTB S A} = /PM{HTB — BT +x e A} l/(dflf)
= /IP’O{B +a € Al v(dr) =P,(A).

Lemma 2.3 and Fubini’s theorem imply that P, is the Palm measure of ¢”. Therefore we
obtain from Theorem 2.1 that 7 balances ¢# and ¢”.
Assume now that (ii) holds. By Theorem 2.1 we obtain for any A € A that

P,{0rB € A} — / P, (A)v(dz).

This implies
P{0rB —Br e A',Br € C} = /CIPQC{B —x € A v(dr) =Po(A")v(C)

for any A’ € A and any C € B. This yields (i). O

Remark 4.2. An eztended allocation rule is a mapping 7: 2 x R — [0,00] that has
the equivariance property (1.4). The balancing property (1.5) can then be defined as
before. Using these concepts, Theorem 4.1 can be proved for a subprobability measure
v # 0. The conditions in (i) have to be replaced with P,{6;B — By € - | T < oo} = Py,
P,{T < 00, Br € -} = v and the independence of 078 — By and By under P, {-|T" < co}.

5 Existence of unbiased shifts

In this section we prove a result (Theorem 5.7) containing Theorem 1.3 as a special case.
The proof is based on the following new balancing result for general random measures
on the line, which is inspired by [11]. As in Section 2 we consider a o-finite measure
space (€2, A, P), equipped with a flow {0;: t € R} such that P is stationary. The invariant
o-algebra 7 is defined as at (3.6).

12



Theorem 5.1. Let & and n be invariant orthogonal diffuse random measures on R with
finite intensities. Assume further that

Ep [€[0,1]|Z] = Ep[n[0,1]|Z] P-a.c.
Then the mapping 7: Q2 x R = R, defined by
7(s) :=1inf{t > s: {[s,t| = n[s,t]}, sER, (5.1)
15 an allocation rule balancing & and n.

We start the proof of Theorem 5.1 with an analytic lemma. Here and later it is
convenient to work with the continuous function f: R — R, defined by

_felo e —nlod], ift>o0,
ft) = {n[t,o] —¢[t,0], ift < o0.

Lemma 5.2. Suppose & and n are orthogonal diffuse measures. Then

/ 1{r(s) € }€(ds) = () on [0, ),

provided that f(t) >0 for allt € (0,a).
The proof of Lemma 5.2 rests on three further lemmas.
Lemma 5.3.
(a) For &-almost every s there exists s, | s with f(s,) > f(s).
(b) For n-almost every s there exists s, | s with f(s,) < f(s).

Proof. 1t suffices to prove (a), as (b) follows by reversing the roles of £ and 1. Recall that
¢ and n are orthogonal and hence there exists a Borel set A with n(A) = 0 and £(A¢) = 0.
We need to show that, for each € > 0,

€(Ae) =0 where Ac :={s € A: f(t) < f(s) forall t € [s,s+€)}.

Given any 6 > 0 we may choose an open set O D A with n(0O) < §. We can cover A,
by a countable collection Z of nonoverlapping intervals [s,s + €], s € A, 0 < €5 < €,
such that (s,s+ €5) C O. Indeed, suppose that O’ is a connected component of O, which
intersects A.. If there is a minimal element s in O’ N A, let €, be the minimum of € and
the distance of s to the right endpoint of O’. Add the interval [s, s +¢€;] to the collection Z
and remove it from A, and O. If no such minimum exists we can pick a strictly decreasing
sequence s, € O'N A, n € N, converging to the infimum. Let €;, be the minimum of ¢
and the distance of s; to the right endpoint of O’, and, for i > 2, let €,, be the minimum
of e and s;_1 — s;. Add all intervals [s;, s; + €5,] to the collection Z and remove their union
from A, and O. Note that after one such step (performed in every connected component)
all of A, in connected components of length at most € will be removed, and the lower
bound of the intersection of all other connected components with A,, if finite, is increased
by at least e. Also, after one step, the intersection of any connected component with A, is
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either empty or bounded from below. Therefore, every set of the form [—M, M]N A, will
be completely covered after finitely many steps by nonoverlapping intervals, as required.
Observe that &(I) < n(I) for every interval in the collection, and hence

§(4) < e < Yon() < n(0) <6

1€ 1T

The result follows as 6 > 0 was arbitrary. O]

We now fix a > 0 and decompose f on [0,a] according to its backwards running
minimum m given by
m(t) = min{f(s): t < s < a},

see Figure 1 for illustration. The nonnegative function f —m can be decomposed on |0, a]
into a family & of excursions e: [0,00) — [0, 00) with starting times ¢, € [0,a]. Note that
an excursion e: [0,00) — [0,00) is a function such that there exists a number o, > 0,
called the lifetime of the excursion, such that e(0) = 0, e(s) > 0 for all 0 < s < o, and
e(s) =0 for all s > o.. Formally putting e(s) = 0 for all s < 0 the decomposition can be

written as
f) —mt)= 3 et —t.).

(e,te)€E

Note that the intervals (t.,t. + o¢), (e,t.) € &€, are disjoint. We denote by C' the comple-
ment of their union in [0,a], i.e. C = {t € [0,a]: f(t) = m(t)}.

‘ ! B s
0 s 7(s) t 7(t) a

Figure 1: A schematic picture of the function f and its backwards running minimum m,
in bold. The set C' is marked bold on the abscissa, and instances of the mapping ¢ — 7(t)
are indicated by dashed lines.

Lemma 5.4. For every (e,t.) € £ we have

E{s € (te,te +0c): 7(s) < a} = E(te, te + 0e) = n(te, te + o).
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Proof. We only have to show that 7(s) < a for £-almost every s € (t.,t. + 0.). By
Lemma 5.3 (a), for &-almost every s € (t.,t. + o), there exists s, | s such that f(s,) >
f(s). As f(s) > f(te + o.), by continuity of f, we infer that there exists s* € (s,t. + o¢)
such that f(s*) = f(s). Therefore 7(s) < s* < a as required. O

Lemma 5.5. We have
E{seC:71(s) <a}=n(C)=0.

Proof. First observe that if s € C, then f(t) > f(s) for all t € (s,a]. If f(t) > f(s) for
all t € (s,a] then 7(s) > a. Otherwise there exists a maximal ¢ € (s,a] with f(s) = f(t).
Then f(t) is a true local minimum of f in the sense that there exists r > 0 with f(s) > f(¢)
for all s € (t —r,t) and f(s) > f(t) for all s € (¢,(t +7) A a). In particular there are at
most countably many levels f(s) where this can happen. Fixing such a level [ we note
that £{s € C: f(s) =1} = n{s € C: f(s) = [}. Summing over all these levels we see
that {{s € C: 7(s) < a} < n(C). We conclude the proof by showing that n(C) = 0.
Lemma 5.3 (b) ensures that, for n-almost every s € [0,a] there exists s, | s such that
f(sn) < f(s), which implies that s € C'. Hence the stated equality follows. ]

Proof of Lemma 5.2. Taking the sum over the equations in the previous two lemmas we
obtain £{s > 0: 7(s) < a} = [0, a]. This implies

/1{0 <7(s) <a}é&(ds) =n0,a], a>0,

as any s < 0 with f(s) < 0 satisfies 7(s) ¢ [0, a], and Lemma 5.3 (a) implies that {-almost
every s < 0 with f(s) > 0 satisfies 7(s) < 0, and so {{s < 0: 0 < 7(s) <a} =0. O

Proof of Theorem 5.1. Define
£° = /1{7’(3) =00,s € -} &(ds),
n' = /1{7(3) € -}¢(ds).

Recall that by Lemma 5.2 we have n* =7 on [s,00) provided &[s, ] > n[s, t] for all t > s.
By Lemma 5.3 this holds for £*°-a.e. s. Moreover, by invariance of > and stationarity of
P we have that P{{>*(—o0,s] = 0,£> # 0} = 0 for all s € R. We infer that

n*=mn P-ae. on {{* # 0}. (5.2)
Using the refined Campbell theorem (2.4) twice, we obtain

Er1{€ £ 0} / 1{r(s) < oo} £(ds)
_ Ep/o 1{6 0.0, £ 0,7(6,,0) < o0} £(ds)
= Q:{&® #0,7(0) < 00} (5.3)
— Ey / {6 £ 0,7(0) + s € [0, 1]} ds
_E / 1{€™ £ 0,7(s) € [0,1]} £(ds)
B 1{€™ £ 0}70,1]
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Using first (5.2) and then our assumption gives

Ep1{€™ # 03n"[0,1] = Ep1{ # 0}n[0, 1] = Ep1{¢> # 0}£[0, 1],

and together with (5.3) we infer that

Ep1{€™ £ 0} / 1{r(s) < o0} €(ds) = Ex1{€™ # 0}€[0, 1],

and therefore 7(s) < oo for &-a.e. s, P-a.e. In particular, this implies that 7 is a well-
defined allocation rule. An analogous argument implies that

771(s) > —0  n-ae. s, P-ae.,

where
77 (s) = sup{t < s: &[t, 5] = n[t, s]}

is the inverse of 7. We now use this to show that 7 balances £ and 7. Fixing a < b we aim
to show that n*[a,b] = n[a,b]. If f(t) > f(a) for all t € [a,b] this holds by Lemma 5.2.
Otherwise we apply this lemma to suitably chosen alternative intervals. To this end let

a* :=min{s € [a,b]: f(s) < f(t) for all a <t < b}

be the leftmost minimiser of f on [a,b]. As n(a* — +,a*] > f(a* — ) = f(a*) > 0 for

all sufficiently large n € N, we find a decreasing squence sp with 7(s,) | a* and hence
f(sn) = f(a*). Then s, | s € [-00,a] and f(s) = f(a*) if s # —o0.
Assuming first that s ## —oco we obtain from Lemma 5.2 that

/ 1{r(s) € -}€(ds) = () on [s.b],

which implies the statement. Now assume that s = —oo. In this case we get n* = n on
[$n, T(8,)] and on [a*, ] for every n, and the result follows as n — oc. O

The following is a counterpart of Theorem 5.1 for simple point processes.

Theorem 5.6. Let & and n be invariant simple point processes on R defined on some
probability space equipped with a flow and an invariant o-finite measure. Assume that &
and n have finite intensities and that

Ep[¢[0,1] [ Z] = Ep[n[0, 1] | Z].
Then
7(s) == inf{t > s: {[s,t] = n[s,t]}, s€eR, (5.4)
1s an allocation rule balancing & and 7.

The allocation rule 7 in Theorem 5.6 is a one-sided (and one-dimensional) version of
the stable matching procedure described in [11]. It can be proved by adapting the ideas
of Theorem 5.1 to a discrete and therefore much simpler setup.

Theorem 5.1 implies the following result which contains Theorem 1.3 as a special case.
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Theorem 5.7. Consider the Brownian case. If u and v are orthogonal probability mea-
sures on R then the stopping time

T+ = inf {t > 0: £#[0,¢] = ¢”[0,¢] } (5.5)
is an unbiased shift under P, and P,{Bru» € -} = v.

Proof. Theorem 3.5 implies that almost surely Ep[¢#]0,1]|Z] = Ep[¢¥[0,1]|Z]. By
assumption and (2.8) the invariant random measures ¢* and ¢” are orthogonal. Hence we
can combine Theorems 5.1 and 4.1 to obtain the result. O

Remark 5.8. Assume in Theorem 1.3 that v is a subprobability measure. Then T takes
the value oo with positive Pg-probability. Indeed, by Remark 4.2, defining the extended
allocation rule 7 by 7(s) := s + T o 65 we get that 7 balances the restriction of ° to
{s: 7(s) < oo} and ¢. Assertion (i) of Theorem 4.1 remains valid in the sense explained
in Remark 4.2. The embedding property Po{T < oo, Br € -} = v was proved in [4].

Remark 5.9. Assume in Theorem 1.3 that v is a locally finite measure with v(R) > 1
and {0} = 0. Then Po{T < oo} = 1 and 7 balances * and n := [ 1{7(s) € -} (°(ds).
The proof of Theorem 5.1 still yields the inequality n < ¢¥. In particular 7 is a diffuse (and
invariant) random measure with intensity 1. The additive and continuous process (A;):>o
given by A; := n[0,t] is adapted to the filtration (c{Bs: s < t});>9. However, since
Theorem 22.25 in [15] applies only to one-sided Brownian motion we cannot conclude
that the process (A;);>o is of the form (¢'[0,]);>0 for some probability measure v/, and
therefore it does not follow that the associated stopping time is an unbiased shift. The
case v = 207 gives an example where it is easy to see that this may not be the case.
Another example is discussed in Remark 5.10 below.

Remark 5.10. In [4] stopping times of the form discussed in Remark 5.9 are use to
embed a given probability measure v/ with [ |z]v/(dz) < oo and {0} = 0. Indeed, as
in [4, p. 547] define p(z) := 2 [ 1{y > x}(y — x) V/(dy) for x > 0 and p(x) :=2 [1{y <
2} (z —y) v/ (dy) for z < 0. Let mg be the maximum of the two numbers 2 [~y /(dy) and
-2 ffoo yv/'(dy). Tt is proved in [4] that

T := inf {t > 0: £°00,t] < mo/ﬁz[o,t]p_l(x) l/(dx)} (5.6)

embeds v/ and satisfies Egf°[0, 7] = mg. This T is of the form (1.8) with v(R) > 1,
provided that p > 0 v/-almost everywhere. This solution of the embedding problem is
optimal in the sense that Eq¢*[0,S] > E¢l*[0,T], x € R, for any other stopping time
S > 0 embedding /. The idea of using first passage times of additive functionals with
infinite Revuz measures to embed probability distributions goes back to [23]. The fact
that Eg°[0, T] < oo reveals that T’ cannot be an unbiased shift, as we show in Theorem 8.1
that this expectation is infinite for unbiased shifts.

The nonnegative unbiased shifts in Theorem 1.3, Theorem 1.4 and in Theorem 1.1
are all stopping times. In the next example we construct a nonnegative unbiased shift
embedding a distribution not concentrated at zero, which is not a stopping time.
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Example 5.11. Let z € R\ {0}. We define an allocation rule 7 that balances ¢ and
¢* and such that 7' := 7(0) is nonnegative but not a stopping time. The mapping 7
is the composition of the following five allocation rules. Let 7, = 74 balance ¢° and ¢*
according to Theorem 1.3. Let 75 balance ¢* and ¢* by shifting forward one mass-unit,
that is , let 75(0) be defined by (1.1) with r = 1 and with ¢° replaced with ¢*. Let
73 balance £* and (Y according to Theorem 1.3. Finally define 75 by shifting backward
one mass-unit in the local time at z, that is, let 75 be defined by (1.1) with r = —1
and (° replaced with ¢*. The composition 7 of these allocation rules balances /° and ¢*.
Moreover, T':= 7(0) > 71(0) > 0. However, T' is not a stopping time. This example can
be extended to a general target distribution v.

6 Target distributions with an atom at zero

In this section we prove Theorems 1.4, 1.5, and 1.6. In contrast to the previous section
we allow here for an atom at 0.

Proof of Theorem 1.4. Let y € R\ {0} such that v{y} = 0 and define
p=1v —v{0}d + v{0},.
Theorems 1.2 and 1.3 imply that the allocation rule
7'(s):=inf {t > s: (O[s,t] = "[s,t]}, sER,

balances /° and ¢#. The same theorems imply that there is an allocation rule 77 that
balances ¥ and (°. Define

T(S) - T/(S>7 if BT’(S) 7é Y,
' m(7'(s)), if By =y.

Then we have for any Borel set €' C R outside a fixed P-null set that
/ 1{r(s) € C} £°(ds)
— [15(5) € CBogy £ 9} C0ds) + [ 14r(5) € C. By = v} €1
— [P € CBuy 20} €d9) + [ 1 ((5)) € C By = ) 9(ds)
_ / 1s € C, B, # y} ("(ds) + / 1{r"(s) € C, B, = y} ¢*(ds)
_ / 1z £ 011 {s € C} *(ds) v(dz) + v{0} / 1{r(s) € O} ¥(ds)
_ / 1z 4 0V1{s € C} ¢%(ds) v(dz) + v{0}O(C) = (C),

where we have used (2.8) (and v{y} = 0) in the penultimate equation. Hence 7 balances
(% and ¢”. Theorem 1.2 now implies that T := 7(0) is an unbiased shift embedding v. [J
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Proof of Theorem 1.5. Let T be any unbiased shift embedding v and define 7 := 7.
Outside a fixed P-null set we obtain for any Borel set C' C R that

[1tsecro=sy s = [ 1{ris) € Corlo) =5} €(ds)
_ / 1{r(s) € C,7(s) = 5, By = 0} £°(ds)
< /1{7(3) € C, By(s) = 0} (°(ds) = /1{3 € C, B, = 0} (" (ds) = v{0}°(C),
where we have used (2.8) to obtain the final identity. This implies that

1{7(s) = s} <v{0} (‘-ae. s, P-ae.

Assuming now that v{0} < 1 we obtain 7(s) # s for ("-a.e. s, P-almost everywhere.
Lemma 2.3 now implies (1.9). O

Proof of Theorem 1.6. Let 7' := 7+, where T" is given by (1.8) with v = pd; + (1 — p)da.
Define an invariant random measure & by £(dt) := 1{B ) = 2} £°(dt). The allocation
rule

7"(s) :==1inf {t > s: ¢[s,t] = 1}
balances £ with itself. Define

S, if BT/ s) — 1,
T(s) =4 ‘ (s) -
(s), if B = 2.

It is easy to see that 7 balances (° with itself. Lemma 2.3 and Theorem 1.2 (or a direct
calculation) implies that 7" := 7(0) satisfies

Po{T = O} == PO{BT’(O) = 0} = P.

Since T' is an unbiased shift, the proof is complete. m

7 Stability and minimality of balancing allocations

We first work in the general setting of Section 2. The following definition is a one-
sided version of the notion of stability introduced in [11] for point processes. We call an
allocation rule 7: 2 x R — R balancing £ and 7 right-stable if 7(s) > s for all s € R and

E@&{(s,t):t<s<7(t)<T7(s)} =0 P-ae.

Roughly speaking this means that the mass of pairs (s,¢) such that s would prefer the
partner of ¢ over its own partner, while 7(¢) would prefer s over t as a partner, vanishes.

Theorem 7.1. Let & and n be invariant random measures satisfying the conditions of
Theorem 5.1, and suppose 7: 2 x R — R s the allocation rule constructed in the theorem.
Then T 1is right-stable.
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Proof. By Lemma 5.3 (a) and continuity of f, we have for &-a-e. s that f(s) < f(r) for
all r € (s,7(s)). Hence £ ® &-almost every pair (s,t) with ¢t < s < 7(t) < 7(s) satisfies
f(t) < f(s) < f(r(t)) contradicting the definition of 7. O

Right-stable allocation rules have a useful minimality property.

Theorem 7.2. Any right-stable allocation rule T balancing two measures & and n is
minimal in the sense that if o is another allocation rule balancing & and n such that
s < o(s) < 7(s) for &-almost every s € R, then £{s: o(s) < 7(s)} =0.

Proof. By right-stability of 7 we have, for £-almost every a,
s€la,7(a)] <= 7(s) € [a,T(a)] E&-ae. s. (7.1)

From the assumption s < o(s) < 7(s) and (7.1) we obtain for any ¢ € [a,7(a)] that
7(s) € [a,t] implies o(s) € [a,t] for {-almost every s. Therefore

nla, 1] = / 1{r(s) € [a. 1]} £(ds) < / 1{o(s) € [a, 1]} €(ds) = nla, ).

This implies
1{7(s) € [a,t]} = 1{o(s) € [a,t]} E-ae. s€R.

Therefore 7 and o coincide &-almost everywhere on 77 1([a, 7(a)]).

Now fix some b € R and recall the definition of the backwards running minimum
m(t) = min{f(s): t < s < b} and the set C' = {t < b: m(t) = f(t)}. We have seen
that the complement of C' consists of countably many intervals (a,7(a)) as above and
therefore 7 and o coincide ¢-almost everywhere on 77! ((—oc0,b] \ C'). On the other hand,
by Lemma 5.5 we have (771(C)) = n(C) = 0, as required to finish the argument. O

Remark 7.3. In the point process case the allocation rule (5.4) is right-stable and it is
not difficult to show that it is the unique right-stable allocation balancing £ and n. We
conjecture that this uniqueness property also holds in the general case and therefore can
be added to Theorem 7.1.

Remark 7.4. One could define an allocation rule 7 to be stable if
E@&{(s,t): |s—T(t) <[s —7(s)|, s —7(t)] < [t —7(t)[} = 0.

The rule 7 of Theorem 5.1 does not satisfy this. We do not know if stable allocation rules
in the above sense exist, or if they are unique.

In the remainder of this section we consider the Brownian case. An unbiased shift T
is called minimal unbiased shift if Po{T > 0} = 1 and if any other unbiased shift S such
that Po{0 < S < T} =1 and Po{Br € -} = Po{Bs € -} satisfies Po{S = T} = 1. The
following theorem provides more insight into the set of all minimal unbiased shifts. The
result and its proof are motivated by Proposition 2 in [22].

Theorem 7.5. Let T be an unbiased shift embedding the probability measure v and such
that Po{T > 0} = 1. Then there exists a minimal unbiased shift T* embedding v and such
that Po{0 < T* < T} =1.
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Proof. Let T denote the set of all unbiased shifts S embedding v and such that Py{0 <
S < T} = 1. This is a partially ordered set, where we do not distinguish between elements
that coincide Py-a.s. By the Hausdorff maximal principle (see, e.g. [7, Section 1.5]) there
is a maximal chain T’ C T. This is a totally ordered set that is not contained in a strictly
bigger totally ordered set. Let

a = sup Ege ®.

SeT’

Then there is a sequence S,,, n € N, such that Ege ™" — o as n — oo. Since T is totally
ordered it is no restriction of generality to assume that the S, are decreasing Py-a.s.
Define T™ := lim,, ,, S,,. By construction and monotone convergence

Eoe " = a. (7.2)

We also note that Pp{0 < T* < T} =1.

We claim that 7™ is a minimal unbiased shift embedding v and first show that 7™ is
an unbiased shift. Let k¥ € N, and consider continuous and bounded functions f: R* — R
and g: R - R. Let ty,...,t, € R. Since S,, € T for any n € N we have that

Eof(Bs,+t, = Bs,,- - Bs,4t, — Bs,)9(Bs,) = Eof (B, ..., By,) /g(x) v(dr). (7.3)
By bounded convergence the above left-hand side converges towards

Eof(BT*+t1 — Bp«, ... 7BT*+tk - BT*)9<BT*)

as n — o0. The monotone class theorem implies that 7™ is an unbiased shift embedding v.

It remains to show the minimality property of T*. Assume on the contrary that there is
some unbiased shift S embedding v such that Po{0 < S <T*} =1 and Po{S < T"} > 0.
The last two relations imply that

Eoe_s > Eoe_T* .

By (7.2) this means that S ¢ 7’. On the other hand, since Po{S < T* < T} =1, we
have that S € T, contradicting the maximality property of 7. ]

As announced in the introduction the stopping time 7" is a minimal unbiased shift:

Theorem 7.6. Let v be a probability measure on R with v{0} = 0. Then T" defined by
(1.8) is a minimal unbiased shift.

Proof. Let S be an unbiased shift embedding v and such that Po{0 < S < T} = 1.
Theorem 1.2 implies that the allocation rules 7¢ and 77~ balance ° and ¢”. By Theo-
rem 7.1, 7w is right-stable P-a.e. The assumptions yield °{s: s < 75(s) < 77+(5)} = 0
P-a.e. By Theorem 7.2 we therefore have (°{s: 75(s) < 77+(s)} = 0 P-a.e. This readily
implies that Po{S = T"} = 1. O
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8 Moments of unbiased shifts

In this section we consider the Brownian case and discuss moment properties of unbiased
shifts. The following two theorems together were stated as Theorem 1.7 in the introduc-
tion.

Theorem 8.1. Suppose v is a target distribution with v{0} = 0, and the stopping time
T >0 is an unbiased shift embedding v. Then

E0T1/4 = OQ.

Proof. We start the proof with a reminder of the Barlow-Yor inequality [2]|, which states
that, for any p > 0 there exist constants 0 < ¢ < C such that, for all stopping times 7T,

cETP? < Eqsup £2]0, TP < CE T2,

Hence it suffices to verify that Eqf°[0, T]"/? = oo.

The proof of this fact uses an argument similar to that in the proof of Theorem 2 in [11].
Let 7 = 77 be the allocation rule associated with T and set T} = sup{s > 0: (°]0,s] = r}
for r > 0, as at (1.1). Then, on the one hand,

E, /1{0 < s < T 7(s) ¢ [0,T.]) O(ds) = EO/O 1r(s) — s > T, — 5} O(ds)

= / Po{r(T,) = T, > T, — T} ds = / Po{T o by, > T,_, 0 07, } ds
0 0

_ / Po{T > T.} ds = Bo[(°[0, T) A 1],

0

where we have used the strong Markov property at Ty (or Theorem 1.1) for the fourth
step and change of variable for the second and fifth steps. On the other hand, the fact
that 7 balances ¢ and (¥ easily implies that

/ 1{0 < s < T 7(s) & [0.T,]} €(ds) > (€00, T;] — 0, T,

Hence, combining these two facts with the obvious fact that ¢°[0,7,] = r, we get

EO[KO[O,T] Ar] > Eo(r —07[0,T}])+. (8.1)
We now show that
lim inf r='/?Eq(r — £7(0,T}])+ > 0. (8.2)
r—00

To this end we apply a concentration inequality of Petrov for arbitrary sums of inde-
pendent random variables, see [26, Theorem 2.22]. It shows that there exists a constant
C > 0 such that, for all e > 0 and r > 1,

P{¢[0,T}] € [r —ey/r,r +evr]} < Ce.
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Now observe that Ey¢”[0,7,] = r, which is an immediate consequence of the second Ray-
Knight theorem (see Theorem 2.3 in Chapter XI of [27]) but can also be derived from
general Palm theory. Hence, by Markov’s inequality,

Eo(r — [0, T,])+ = S Eo|r — €70, T,]| > Sev/rP{|r — €0, T,]| > e\/r} > 2 (1 — Ce) /1,
as required to prove (8.2). Combining (8.1) and (8.2) gives

lim inf r~/2Eo[£°[0, T] A 7] > 0.

r—00

Finally, assume for contradiction that Eo[¢°[0,T]'/?] < oo. Since r=Y/2(¢°[0,T] A1) <
¢°[0,7)*/2, dominated convergence implies that 7~'/2Ey[¢°[0, T] Ar] — 0 as 7 — oo, which
is in contradiction to the last display. ]

Note that the unbiased shifts 7" satisfy the conditions of Theorem 8.1 if v has finite
mean. The next result shows that they have nearly optimal moment properties.

Theorem 8.2. Let v satisfy [|x|v(dz) < oo, and let T = T" be the stopping time
constructed in (1.8). Then, for all § € [0,1/4),

EoT” < . (8.3)

The proof of Theorem 8.2 uses a result similar to Theorem4 (ii) in [12] and Theo-
rem 2 in [11], which is of independent interest and may also serve as another example for
Theorem 5.1. We consider the ‘clock’

U, :=inf {t > 0: £°[0,¢] + ¢”[0,t] =}
and random measures £ and 7 on the positive reals given by
¢lo,r] == °0,U,],  n[0,r] :=¢[0,U,], r>0.

Proposition 8.3. Let & and n be defined as above and let S := inf{t > 0: £[0,t] = n[0,t]}.
Then EqS'/? = 0o, but for some ¢ > 0 we have Po{S >t} < ct='/2, for all t € R.

Proof. The proof of EgS'/? = oo is very similar to Theorem 2 in [11] and is therefore
omitted. We prove here the upper bound for the tail asymptotics (only this part is
needed). This result is similar to Theorem 6 (ii) in [11], but due to the specific form of S
we can use a more direct argument.

For any i € Nlet Y; =n{s > 0:i—1 < £[0,s] <i}. As in the proof of Theorem 8.1
the second Ray-Knight theorem implies that Y; has mean one. Together with Jensen’s
inequality we get

Eo[Y2) = Eo(t*[0, T1])? < Eo / ([0, T3])? w(dr) = / A+ |2l v(dz)  (3.4)

which is finite by assumption. Summarising, the sequence Y7, Y5, ... is an i.i.d. sequence
of random variables with mean one and finite variance. Define, for n € N,

Rn::zn:1+Y,~, Un::znzl—Yi.
i=1 =1
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Let o :=inf{n > 1: U, < 0} and fix a € (0,1/2). Then, for any ¢ > 0,
Po{S >t} < Po{R, >t} <Po{U, >0 for all n < at} + Po{ R4 >t}

By a classical result of Spitzer [28], see also [8, Theorem la in Section XIL.7], the first
term on the above right-hand side is bounded by a constant multiple of (at)~'/2. By
Chebyshev’s inequality we have

1 lat]
Po{Rat) >t} < ————=Eo[(Rjar) — 2|at])?] = —=—= Eo[(1 — V})?
0{ Lat] }— (t—2LatJ)2 0[( Lat] LaJ)} (t—ZLGtJ)z 0[( 1) ]7
which is bounded by a constant multiple of t~!. This completes the proof. O

Proof of Theorem 8.2. The variable S, defined in Proposition 8.3, satisfies
S = £°[0,T] + ¢[0,T) = 2¢°[0, TY.

It remains to relate the tail behaviour of £°[0, 7] (which we know) to that of 7" (which we
require). To this end we observe that for € R and ¢ > 2, using [21, Theorem 6.10],

Po{ inf °[0,s] < 1/0} = Po{lnf; max |B,| < 1/60}

1
s>t \/s/log s s>t \/s/logs 0<r<s

o0

2
Z { max |B,| < ————1.
Vit + k osr<t+k 0+/log(t + k)
By a step in the proof of Chung’s law of the iterated logarithm, see e.g. [13, (2.1)],

4 _ =
- < Ze w2
Po{ﬁggaict|Br|<x}_ﬂe 82 x>0,
and hence we have

Po{lnf

1
s>t \/s/log s

for a sufficiently large constant #. For sufficiently large ¢t we have

°10,s] < 1/0} <4,

IPO{QQIZgT > t} < Po{¢°[0,T] > V1) +Po{1nf;€0[0,s] < 1/0},

s>t \/s/log s

and the right hand side in this inequality is bounded by a constant multiple of t~1/4. The
result follows directly by integration. O]

Next we turn to unbiased shifts 7" embedding a measure v # g, which need neither be
stopping times, nor nonnegative. We conjecture that any such shift satisfies Eo|T'|'/* = oo.
At the moment we can only prove the following weaker result.

Theorem 8.4. If T is an unbiased shift embedding a probability measure v # &y, then

| =
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Proof. The idea of this proof is due to Alex Cox. We work under the probability
measure Pg. By definition of an unbiased shift BT := (By; — Br: t > 0) and B~ :=
(Br_y — Br: t > 0) are independent Brownian motions. Moreover, the pair (BT, B™) is
independent of Br. Assume that By > x, where > 0 is chosen such that v[z,oc0) > 0.
(If there is no such z > 0 we find an z < 0 such that v(—oo, z| > 0 and assume By < z.)
If "> 0, then B, = —Br < —xz, so that

T>8 :=if{t >0: B =—x}.
If T <0, then BY, = =By < —=z, so that
~T> 8t :=inf{t >0: B} = —z}.

Hence |T| > S~ A ST =: S. Tt is well-known that Egv/ S~ = oo and Eqv/ ST = oo. Since
S~ and ST are independent, this property transfers to S. It follows that

Eov/|T| > E¢1{Br > ZB}\/§ = vz, oo)Em/g = 0. O

Unbiased shifts embedding 9, also have bad moment properties if they are nonnegative
(or, by time-reversal, nonpositive) but not identically zero. The result can be compared
with Theorem 3 (i) in [11]. However, the proofs are very different.

Theorem 8.5. If T > 0 is an unbiased shift such that Po{Br =0} =1 and Po{T > 0} >
0, then
EoT = OQ.

Proof. We assume for contradiction that m := EqT" < oco. Define a probability measure P*
on Q by setting Ep- f(B) = % Eo fOT f(0sB) ds for each bounded nonnegative measurable
function f. By Lemma 3.2, P* is stationary. To show that, on the invariant o-algebra Z,
the process B has the same distribution under P* as under Py, take A € Z and recall from
Theorem 3.5 that Po{B € A} € {0,1}. But P*{B € A} = LE1{B € A}T =0or 1

according as Po{B € A} =0 or 1, as required. By [29, Theorem 2] we infer from this that

1 t
;/ Po{0.B € -}ds — P{B €}, t— o0,
0

with respect to the total variation norm. On the other hand, for every r > 0,

1 t
;/P0{|Bs|gr}ds—>0, £ = 00,
0

implying P*{|By| < r} = 0 for all » > 0, which is a contradiction. Wl

In contrast to the two theorems above, we shall see below that unbiased shifts can
have good moment properties if they can assume both signs.
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Example 8.6. We construct a nonzero unbiased shift 7" embedding &, which has Ee ! <

oo for some A > 0. Let {(a;,b;): i € Z} be the countable collection of maximal nonempty
intervals (a,b) with the property that B, # 0 for all @ < ¢ < b and |Bs| > 1 for some
s € (a,b). We assume that the collection is ordered such that b; < a;;; for all i € Z. We
define an allocation rule 7 by the requirement that, for b; < s < a;41,

(s) sup{r < a;1: 00(r,a;1) = O(b;, s)}, i £0(b;, s) < 500(b;, az41),
7(s) =
inf{r > b;: °(s,a;.1) = °(b;, )}, if £9(b;, s) > 20°(b;, a41).

It is easy to see that 7 balances (° with itself, and hence by Theorem 1.2, we have that
T = 7(0) is an unbiased shift embedding dy. Moreover, we have |T| < S; + Sy where
Sy = inf{t > 0: |B;] = 1} and Sy = —sup{t < 0: |B;| = 1}. S; and S, are obviously
independent and identically distributed, and it is easy to see that they, and hence |1,
have the required moment property.

Remark 8.7. If T > 0 is an unbiased shift such that Po{Br = 0} = 1 and Po{T" > 0} > 0,
then we conjecture that Egv/T = 0o (strengthening Theorem 8.5), but we cannot prove
this without additional assumptions. One such assumption (covering 7). defined in (1.1)
for r > 0) is that Po{7 > s} > 0 for some s > 0 such that {T" > s} is Pyp-almost surely in
the o-algebra generated by {B;: t < s}. Indeed, in this case we have

Eo\/|T| > Eol{T > s}VT > Eg1{T > s}\/s + Ty o b,,

where Tp := inf{t > 0: B; = 0}. By the Markov property

Eg+/ ‘Tl > Eol{T > S}EBSV Ty = o0,

since E,/Ty = oo for all  # 0 and Po{Bs = 0} = 0. Note that this argument does not
use that 7' is unbiased.

9 Unbiased shifts of Lévy processes

In this section we extend some of our previous results to a larger class of Lévy processes.
A Lévy process is a right-continuous real-valued stochastic process X = (X;);er with left-
hand limits and Xy = 0, having independent and stationary increments, see e.g. [3, 15].
In particular the (left-continuous) process (X_;);>o is independent of X := (X;);>¢ and
has the same finite-dimensional distributions as —X . We assume that X is recurrent,
see [3] for a definition.

For convenience, we also assume that X is given as the identity on its canonical space
(Q, A, Py), where € is the set of all right-continuous functions w: R — R with left-hand
limits and A is the Kolmogorov product o-algebra. As in the Brownian case we define
P, :=Po{X +2x € -}, x € R, and P by (1.2). This [P has the stationarity property (2.1),
where the shifts are defined by (1.3). This setting is a special case of the one established
in Section 2.

The Lévy-Khinchine formula states that

Eoe?Xt = e~ ¢ >0, (9.1)
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where
o212

() = iad + 5

+ / (1— e + idal{|z| < 1})II(dx), VU ER.

Here a € R, 0? > 0 and the Lévy measure 11 satisfies II{0} = 0 and [ z* A 11I(dx) < .
We assume that, first,

/%(m)dﬁ<oo, u >0,

which means that points are not essentially polar, and, second, that either = > 0 or
[ |z| A 11I(dz) = oo, which means that the Lévy process is of unbounded variation.
These two assumptions imply that the origin is regular for itself, see Theoreme 8 in [5].
Theorem 4 in [10] then implies that there are random (local time) measures ¢, € R,
such that (w,z) — (*(w,C) is measurable for all Borel sets C' C R and (2.5) holds.
Moreover, ¢* is Py-a.s. diffuse for any x € R. In order to apply the techniques of this
paper we need a perfect version of local times satisfying (2.6), (2.7), and (2.8). To achieve
this we assume the conditions (Rg) and (H) of [1, Theorem 1.2]. We do not formulate
these (somewhat technical) assumptions here, but only mention that they are satisfied
by a strictly a-stable Lévy process, whenever o > 1. (The case v = 2 corresponds to
Brownian motion while for @ < 2 the Lévy measure is given by II(dx) = c,z=* ' dz on
(0,00) and TI(dz) = c_|z|~* ' dx on (—o0,0).)

As in the Brownian case we define for any locally finite measure ¢ on R the invariant
random measure ¢# by (1.6). If u is a probability measure, then we call a random time
T an unbiased shift under P, := [P, p(dx) if (Xr4+ — X7)ier is independent of X and
has distribution Py under P,,.

2

Theorem 9.1. Let T be a random time and p,v be probability measures on R. Then T
is an unbiased shift under P, and P,{Xr € -} = v if and only if the allocation rule 7r

defined by (1.7) balances 0" and (" .

Proof. The proof of Lemma 2.3 yields that P, is the Palm measure of ¢* with respect
to P. Therefore P, is the Palm measure of /# and the proof of Theorem 4.1 applies without
change. O

Theorem 9.2. Let p be a probability measure on R and let S,, r € R, be the gen-
eralised inverse of ¢ defined as in (1.1). Then S, is an unbiased shift under P, and

Proof. In order to apply Theorem 3.1 we need to show that P,{¢*(0,00) < 0o} =
0. Since the Lévy process —X also satisfies our general assumptions, this implies
P, {{'(—00,0) < oo} = 0. Clearly, it is enough to prove P,{¢¥(0,00) < oo} = 0 for
all z,y € R. By the spatial homogeneity (2.7) this is equivalent to

Po{¢*(0,00) < 20} =0, z€R. (9.2)

By Proposition V.4 in [3] the generalized inverse of (£°[0,¢]);>0 is (under Pp) a (fi-
nite) subordinator, so that (9.2) holds for x = 0. Spatial homogeneity implies that
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P,{*(0,00) < oo} = 0. As the origin is regular for itself, the results in [3, Chapter II]
(see in particular Theorems I1.16 and I1.19) imply that our process is not only recurrent
but that the origin is point-recurrent and that T, := inf{t > 0 : X; = x} is finite Py-a.s.
Hence (9.2) follows from the strong Markov property applied to 7)., which is a stopping
time with respect to a suitable augmentation of the natural filtration. O]

Theorem 9.3. Let A € T be a shift-invariant set. Then either P,(A) =0 for all x € R
or P,(A°) =0 for all x € R.

Proof. The proof of Theorem 3.5 applies provided that Po{¢* # 0} = 1 for A-a.e.
x € R. But this follows from (9.2). O

Thanks to Theorem 5.1 the previous result implies the following generalization of
Theorem 5.7.

Theorem 9.4. Let p and v be orthogonal probability measures on R. Then the stopping
time T := TV defined by (5.5) is an unbiased shift under P, and P, {Xr € -} = v.

Theorems 1.4, 1.5 and 1.6 as well as the minimality properties stated in Theorems 7.5
and 7.6 do also hold in the present more general setting. It would be interesting to study
the moment properties of unbiased shifts of Lévy processes. The proof of Theorem 1.7
makes significant use of the properties of Brownian motion. Theorem 8.5, however, is
still true in the Lévy case while the proof of Theorem 8.4 can be extended beyond the
Brownian case.
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